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Introduction
Metal phthalocyanines (MPcs) have received significant interest in applications as active layers of molecular electronic devices due to their remarkable properties, thermal and chemical stability, and performance [1] . Among those MPcs, palladium phthalocyanines (PdPcs) exhibit longer exciton diffusion length in comparison with other bivalent metal phthalocyanines, such as ZnPc and CuPc [2] .
This renders them as promising compounds for photovoltaic applications [3] [4] . Besides, thin films of palladium phthalocyanine have good sensing properties for different gaseous analytes, with fast response times, high base line stability and enhanced sensitivity. It has recently been shown that PdPc films demonstrate high sensitivity when used as chemical sensors for the detection of oxygen, ammonia, NO 2 and humidity [5] [6] [7] .
It is known that metal phthalocyanines exhibit rich polymorphism [8] , which include the more familiar -and -forms, whose packing types are typical for M(II)Pc (M=Zn, Co, Cu, Pd etc.) films. Both polymorphic forms contain stacks of M(II)Pc molecules, which are tilted with respect to the column axis.
The angle () between the normal to the ring and the column axis is smaller in the -form than in the -form [8] ; for instance in the -CuPc form =25.5 o [9] , while for -CuPc  is 46.5 o [10] . Note that the optical, electrical, sensing and other properties of MPc films comprised of various polymorphic forms may differ significantly and the molecular arrangement of the film may play a crucial role in particular device applications. For example, electronic absorption spectra of -and -forms of MPcs are noticeably different [7] . Jafari et al. have reported the strong dependence of sensor response of PdPc films toward ammonia and NO 2 on the phase composition of these films [7] .
In contrast to the case of M(II)Pc, much less is known about crystal structure and polymorphic forms of fluorosubstituted M(II)Pcs. Due to the difficulty faced in growing sufficiently large single crystals, previous work on the determination of the crystal structure of MPcF 16 were contradictory and lack agreement of such parameters as lattice parameter and space group [11] [12] . Later on the single crystal structure of micrometre-sized CuPcF 16 ribbons synthesized by the vaporization-condensationrecrystallization method was resolved by synchrotron X-ray crystallography to have a triclinic unit cell system [13] . The single crystal polymorph of CuPcF 16 was found by X-ray diffraction of single crystals to be triclinic, with one molecule per unit cell and parallel (not herringbone) stacking [14] . Single crystal structures of centimeter-sized crystals of CuPcF 16 , CoPcF 16 and ZnPcF 16 have also been determined by X-ray diffraction by Jiang et al. [15] . All three derivatives had the space group, however all crystal structures have been resolved with quite high R-factor (from 12 to 16). To the best of our knowledge, the crystal structure and the polymorphic behavior of fluorinated palladium phthalocyanines have never been studied in the literature.
In this work, the crystal structure of unsubstituted PdPc, its tetrafluorinated PdPcF 4 and hexadecafluorinated PdPcF 16 derivatives ( Fig. 1 ) has been investigated for the first time. Furthermore, the effect of fluorosubstitution on the structure and polymorphic behavior of thin films of palladium phthalocyanines has not been studied before. X-ray diffraction techniques have been used to elucidate the structural features and molecular orientation of thin films of PdPc, PdPcF 4 and PdPcF 16 , grown by organic molecular beam deposition. The effect of fluorination on UV-visible optical absorption and vibrational spectra of palladium phthalocyanine derivatives is also discussed. 
Experimental details
Unsubstituted (PdPc), and hexadecafluorosubstituted (PdPcF 16 ) palladium phthalocyanines were synthesized according a procedure described elsewhere [16] . Tetrafluorosubstituted (PdPcF 4 ) palladium Thin films of palladium phthalocyanines were deposited on borosilicate glass slides by two methods. In the first case, films were deposited by organic molecular beam deposition under vacuum of 10 -5 Torr with the deposition rate of 0.6 nms -1 . The nominal thickness of the films was about 120 nm. Since substrate temperature did not exceed 50°C during the deposition process, thereafter, those samples will be referred to as the ones deposited onto a "cold substrate". Second set of samples was obtained by vacuum sublimation (10 -5 Torr) of the respective palladium phthalocyanine powder in a gradient furnace; borosilicate glass substrates were placed at the same position of the ampoule where phthalocyanine single crystals grow during sublimation process. Such an approach yields thin film samples deposited at conditions close to the conditions of the single crystal growth. In this case, the substrate temperature was held at about 200°C and the samples deposited at this temperature will be referred to as samples deposited onto a "hot substrate". The nominal thickness of the films deposited onto "hot substrate" was about 120 nm.
UV-Vis spectra of the films were recorded using a UV-Vis-3101PC ''Shimadzu" spectrophotometer. IR spectra were recorded using a Vertex 80 FTIR spectrometer. Raman spectra were recorded with a LabRAM HR Evolution (Horiba) spectrometer in a back-scattering geometry. The 488 nm, 100 mW line of an Ar-laser was used for spectra excitation.
Crystalline structure studies were carried out using Bruker DUO single crystal diffractometer (4-circle kappa-goniometer, MoK α sealed tube with graphite monochromator, Apex II CCD area-detector) using conventional phi-and omega-scans (0.5° wide). The sample temperature was kept at 155K using Oxford
Cryosystem Cobra nitrogen open-flow cooler for all samples. Crystallographic data for these compounds have been deposited in the Cambridge Crystallographic Data Centre (CCDC) with reference numbers 1572908-1572911.
X-ray diffraction patterns for polycrystalline powders were obtained using Shimadzu XRD-7000 powder diffractometer (Cu-anode sealed tube, Bragg-Brentano geometry, θ-2θ goniometer, scintillation counter).
Thin film samples were studied using combination of both mentioned above instruments: XRD-7000 for standard powder patterns and Bruker DUO (CuKα, Incoatec IμCu microfocus source, 1024х1024 pixel flat CCD detector) for 2D GIXD patterns using a special sample adaptor. The primary beam angle of incidence was in the range from 0.3 to 0.5°. Distance from the sample to the CCD detector was 80 mm.
This method was described earlier in more details [17] .
Additionally, the molecular structures and IR-spectrums of separate PdPc, PdPcF4 and PdPcF16 molecules were estimated with the density functional theory (DFT) using the BP86/def2-SVP method [18] [19] [20] [21] and Grimme D3 dispersion correction [22] [23] . The GAMESS suite of quantum chemical programs was used for these calculations [24] performed under symmetry constraints (D 4h for PdPc and PdPcF 16 and C 4h for PdPcF 4 ).
Results and discussion

Structure of single crystals of PdPc, PdPcF 4 and PdPcF 16
Optical images of PdPc, PdPcF 4 and PdPcF 16 consists of two crystal phases, namely α-PdPc (small low-quality crystals), which are present in a larger amount and -PdPc (a few large, high-quality crystals). Fig. S2 shows "cake" images obtained from PdPc diffraction patterns using Dioptas 0.4.0 software [25] . Diffraction patterns of specially prepared samples (fine crystalline powder mixed with epoxy glue and rolled into 0.5mm balls) were obtained in DebyeScherrer geometry using a Bruker DUO single-crystal diffractometer. This technique was described in details by Sukhikh et al. [17, 26] . Similar efforts have been made in order to find two different crystal phases for PdPcF 16 , however, all selected crystals were of the same phase (β-PdPcF 16 ), and no α-PdPcF 16 crystals suitable even for unit cell determination were found.
The crystal structures of all three compounds were determined by means of single crystal X-ray diffraction. The Bruker APEX II V2013.6-2 software package [27] was used for indexing, collecting raw data, integration of diffraction reflections and global unit cell refinement. For PdPc and PdPcF 4 absorption correction was applied using SADABS-2012/1, while for PdPcF 16 isomers in the initial product of synthesis. Hydrogen atoms were refined using aromatic/amide riding coordinates. Sample properties, details of data collection and structure refinement for all three phthalocyanine derivatives are given in Table 1 . After comparing unit cell parameters and crystal structure it is clear that α-PdPc and γ-PdPc are isostructural to α-PtPc and γ-PtPc, respectively [29] . Molecules of α-PdPc are packed in stacks with herringbone arrangement (Z = 4, monoclinic system, C2/c space group). The distance between individual molecules within a stack is 3.416 Å (3.454 Å for α-PtPc), with adjacent stacks shifted by ½ of this distance, as shown in Fig. 3 ; the distance between neighboring Pd atoms is 3.755Å (3.818 Å for α-PtPc), which gives a packing angle θ = 24.53° (25.21° for α-PtPc). The crystal packing of α-PdPc differs from most α-M(II)Pcs (M=Cu, Co, Zn, Ni, H2) [8, 30] and is similar to PtPc [29] . The crystal packing of another phase of PdPc is similar to -PtPc [29] . -PdPc is packed in stacks with herringbone arrangement (Z = 2, monoclinic system, P21/n space group), however in this case the adjacent stacks are in line with one another. The distance between individual molecules within a stack is 3.366Å 
X-ray diffraction study
It is known that the choice of deposition conditions might affect significantly the growth process and molecular organization of thin organic films. Significant efforts have been made so far towards the development of growth methods and, ultimately, to control the molecular structure (e.g., molecular orientation, polymorphism, and morphology) of the MPc films [31, 32] . Among the large variety of factors that contribute to the films' morphology, the substrate temperature during film growth has been reported to modify the structure of the studied MPc films [30, 33] .
X-ray diffraction patterns of thin films of PdPc, PdPcF 4 and PdPcF 16 deposited onto cold and hot substrates, obtained in the 2θ range from 2.5 to 30° are shown in Fig. 4 . Diffraction patterns of all films contain one strong diffraction peak in the range of 6-7° and several low intense peaks (I/I max < 5%). This fact together with the fact that majority of the observed diffraction peaks have aliquot interplanar spacings (i.e. d = n, n/2, n/3, n/4 etc.) suggests that all six samples have strong preferred orientation. Crystal phase composition of the films can be determined by comparing interplanar spacings of the observed diffraction peaks with the values calculated from the crystal structure data. PdPc films deposited both on cold and hot substrates consist of α-phase with strong preferred orientation along indexes with much lower FWHM and much higher intensities compared to that deposited on a cold substrate, indicating that PdPcF 4 film on a hot substrate has more ideal orientation.
PdPcF 16 samples, on the other hand, show significant differences between the two diffraction patterns.
While films deposited on a hot substrate consist of β-phase perfectly oriented along the (001) plane, films deposited on a cold substrate consist of α-phase with unknown crystal structure and unit cell parameters.
By analogy with PdPcF 4 , the indices (001) and (100) were assigned to the first two diffraction peaks on the diffraction pattern of PdPcF 16 deposited on a cold substrate. Since the four remaining diffraction peaks have interplanar distances that are natural fractions of the first two peaks, the corresponding indexes (002, 003, 004 and 200) were assigned to them.
X-ray diffraction studies of thin films in 2D GIXD geometry were carried out for further detailed investigation of the films structure (Fig. 5) . In all cases a 2θ position of the detector was equal to zero, 
Spectral study
Optical properties of phthalocyanine films are also sensitive to their structural features, especially to their polymorphic modifications [34, 35] . Fig. 7 shows the electronic absorption spectra of PdPc, PdPcF 4 and PdPcF 16 films deposited on cold and hot substrates. In the spectra of all films the Q-bands are significantly broader than in the spectra of solutions. The Q-band in the UV-Vis spectra of the PdPc film deposited on a cold substrate splits into two bands with maxima at 609 and 662 nm, while these bands lie at 619 and 665 in the case of film deposited on a hot substrate. The splitting of the Q-band in the films' spectra is explained in terms of factor group splitting and arises from exciton coupling between two non-equivalent molecules in a unit cell [36] . It has been shown by XRD that both PdPc films consist of α-phase with preferred orientation along (200) plane and differ only by the degree of ordering.
Optical absorption spectra of PdPcF 4 deposited on cold and hot substrates are similar; the Q-band in the UV-Vis spectrum of the PdPcF 4 films has a maximum at 611 with a small shoulder at 668 nm. The films of PdPcF 16 exhibit a Q-band with one maximum at 643 nm in the case of deposition on a cold substrate and at 638 nm in the case of deposition on a hot substrate. Such spectra with an un-splitting Q band are usually observed for films with a co-facial parallel arrangement of chromophores [37] [38] .
Vibrational spectroscopy methods have also been used to complement XRD methods to distinguish types of molecules packing in MPcs of different phases [39] [40] . The first investigation of Raman spectra of MPc polymorphs has been carried out by Aroca and co-workers in 1982 [41] [42] .
The assignment of the bands in the vibrational spectra of PdPc and PdPcF 16 has already been published in our previous work [16] , however, the vibrational spectra of PdPcF 4 The optical properties of thin phthalocyanine films are determined by the polymorphic modification and molecular orientation in the film as discussed above. Similar effect of the structural features of PdPc films on the spectral properties was studied by Jafari et al. [7] . The structure and orientation of molecules in MPcs films are of particular importance for electronic device applications [2] and therefore detailed study of the structure of the films of palladium phthalocyanine derivatives can be quite valuable for the interpretation of films electrical data.
Conclusions
Effect of fluorination on the single crystal structure, molecular orientation and optical spectra of thin films of palladium phthalocyanine derivatives has been investigated. It has been shown that fluorination leads to the change of the structure of PdPcF 4 and PdPcF 16 
